Pompe disease is a systemic metabolic disorder characterized by lack of acid-alpha glucosidase (GAA) resulting in ubiquitous lysosomal glycogen accumulation. Respiratory and ambulatory dysfunction are prominent features in patients with Pompe yet the mechanism defining the development of muscle weakness is currently unclear. Transgenic animal models of Pompe disease mirroring the patient phenotype have been invaluable in mechanistic and therapeutic study. Here, we demonstrate significant pathological alterations at neuromuscular junctions (NMJs) of the diaphragm and tibialis anterior muscle as prominent features of disease pathology in Gaa knockout mice. Postsynaptic defects including increased motor endplate area and fragmentation were readily observed in Gaa 2/ 2 but not wild-type mice. Presynaptic neuropathic changes were also evident, as demonstrated by significant reduction in the levels of neurofilament proteins, and alterations in axonal fiber diameter and myelin thickness within the sciatic and phrenic nerves. Our data suggest the loss of NMJ integrity is a primary contributor to the decline in respiratory and ambulatory function in Pompe and arises from both preand postsynaptic pathology. These observations highlight the importance of systemic phenotype correction, specifically restoration of GAA to skeletal muscle and the nervous system for treatment of Pompe disease.
INTRODUCTION
Pompe disease (glycogen storage disease type II, acid-maltase deficiency) is a neuromuscular disorder characterized by the systemic deficiency of the glycogen metabolizing enzyme acid-alpha glucosidase (GAA). Affecting 1:40 000 individuals, GAA deficiency results in extensive glycogen accumulation within lysosomes resulting in disruption of cellular architecture and function. While the genetic component of Pompe disease is well defined, little is known mechanistically about how systemic glycogen accumulation results in neuromuscular failure. Emerging evidence suggests that neuronal pathology prevails with disease progression. Both human and animal models of Pompe disease support the notion that neuropathology may at least, in part, contribute toward neuromuscular dysfunction in Pompe disease. This is strengthened by several patient case reports documenting glycogen accumulation in the central nervous system (CNS), and in particular motoneurons (1, 2) , in conjunction with respiratory dysfunction in animal models (1, (3) (4) (5) . The combined neuro-and myopathic events in Pompe suggest that the synaptic interface at the neuromuscular junction (NMJ) may be compromised leading to loss of function.
It is becoming evident that the NMJ can be altered in a spectrum of diseases spanning autoimmune (Myasthenia gravis, LambertEaton myasthenic syndrome), neurodegenerative [spinal muscular atrophy (SMA), Charcot-Marie-Tooth (CMT), amyotrophic lateral sclerosis (ALS)] and myopathic (myotubular myopathy, dynamin-2-related centronuclear myopathy) disorders. In autoimmune disorders, the pathology is well characterized, that is, dysfunction results from the specific targeting of components of the NMJ. In Myasthenia gravis, for example, 80% of patients have antibodies against acetylcholine receptors (AChR), while AChR antibody-negative patients develop an immune response to other critical NMJ proteins including muscle-specific kinase (MuSK) and low-density lipoprotein receptor-related protein 4 (6) . However, in neurodegenerative and myopathic disorders, the * To whom correspondence should be addressed at: Powell Gene Therapy Center, Department of Pediatrics, College of Medicine, University of Florida, 1200 Newell Drive, ARB/RG-116, Gainesville, FL 32610, USA. NMJ represents a site of early pathologic vulnerability despite no definitive association of the disease-causing determinant protein with the NMJ (7, 8) . Recent studies also suggest that NMJ dysfunction contributes to pathogenesis in myopathies, particularly centronuclear myopathies. In myotubular myopathy, which is caused by mutations in the MTM1 gene affecting calcium homeostasis and excitation-contraction coupling (9, 10) , NMJ abnormalities coincide with the onset of motor pathology (11, 12) . MTM1 encodes a phosphoinositide phosphatase that regulates endosomal vesicle sorting and provides evidence that NMJ dysfunction can result from defects originating in muscle. Thus, NMJ dysfunction is emerging as a hallmark of early pathology in a wide spectrum of neuropathic and skeletal muscle disorders.
The current therapeutic regimen for Pompe disease is enzyme replace therapy (ERT), a bi-monthly infusion of recombinant GAA enzyme into patients. ERT prolongs survival although complete rescue is not achieved. Shortcomings of ERT appear to result from inefficient cation-independent mannose 6-phosphate receptor (CI-MPR)-mediated GAA uptake (13) , impaired intracellular CI-MPR and GAA trafficking (14, 15) , and the inability of ERT to traverse the blood-brain barrier to target CNS pathology. In a clinical population, therefore, muscle weakness after ERT may result from progressive deterioration of lower motor neuron function (15) (16) (17) . Another consideration, however, is that ERT may not effectively target NMJ pathology. Currently, there have been no formal attempts to characterize the peripheral nerve and NMJ in Pompe disease, and accordingly we used an established murine model, the Gaa 2/2 mouse, to characterize NMJ architecture to define pre-and postsynaptic alterations. Our results demonstrate that NMJ pathology is evident in both diaphragm and tibialis anterior (TA) muscles with hallmarks of widespread neuropathology also evident. These data provide evidence that NMJ abnormalities are a contributory factor to muscle weakness and the pathology of Pompe disease.
RESULTS

Pathologic alterations in NMJs of the diaphragm and the phrenic nerve in Pompe mice
To determine the prevalence of peripheral nerve and NMJ abnormalities in Gaa 2/2 mice, we selected the primary inspiratory muscle (diaphragm) due to the direct association of respiratory insufficiency and Pompe disease (18) (19) (20) (21) . Access to the phrenic nerve and diaphragm from a Pompe patient is usually only possible at end-stage of disease. Therefore, we utilized the Gaa 2/2 mouse as a model organism for elucidating the pre-and postsynaptic pathology in Pompe disease.
Our methodological approach was to label three distinct structures that comprise the NMJ, namely the motor neuron axon, the presynaptic terminal and the postsynaptic motor endplate (Fig. 1) . Under high magnification, we noted fragmentation and expansion of AChR area in samples from affected mice ( Fig. 1 A and B) . The low magnification view shows denervation and lack of overlap between the presynaptic synaptotagmin and postsynaptic a-bungarotoxin-labeled AChR clusters ( Fig. 1C  and D) . To quantify these alterations, we measured the distribution of AChR clusters and counted axon(s) in contact with postsynaptic sites and for the presence of synaptotagmin at the synapse (Fig. 2) . Motor endplates in the diaphragm of Gaa 2/2 mice were significantly larger than those of wild type (WT) displaying a mean area of 316.8 mm 2 + 6.284 (standard error of the mean, SEM), n ¼ 581, compared with 275.8 mm 2 + 7.233 (SEM), n ¼ 527 (P ≤ 0.0001; two-tailed, unpaired t-test) ( Fig. 2A) . In agreement, frequency distribution in WT and Gaa 2/2 mice revealed that the endplate size is right-shifted between the WT and Gaa 2/2 groups (Fig. 2B) . Postsynaptic abnormalities were further characterized quantifying fragmentation of motor endplates. Fragmentation was defined according to (22) as the presence of five or more AChR island and/or an area of the postsynapse with severe and/or irregularly shaped AChR clusters. Gaa 2/2 endplates displayed an approximate 3.3-fold higher frequency of fragmentation [8.3% + 2.5%, n ¼ 120 compared with WT 2.5% + 1.4% n ¼ 120 (P ¼ 0.047; two-tailed, Mann-Whitney test)] (Fig. 2C) . Together these results indicate that AChR clusters are distinct and dispersed in 9-month-old Pompe mice compared with WT.
To determine whether this increase in endplate size was a physiological response to presynaptic abnormalities, the number of motor axons that innervated individual endplates was quantified using neurofilament staining. No significant differences in endplates that were innervated by multiple or single axons were observed between WT or Gaa 2/2 mice (Fig. 2D) . However, quantification of a presynaptic marker (synaptotagmin II) enabled 
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Human Molecular Genetics, 2015, Vol. 24, No. 3 assessment of nerve occupancy within the endplate and revealed dramatic differences between the groups (Fig. 2E) . In WT mice, 55.56% of endplates were fully occupied, that is, complete overlap occurred between pre-and postsynaptic markers in the NMJs. In contrast, only 9.78% of endplates in Gaa 2/2 mice were fully occupied by presynaptic inputs (Fig. 2E ). This trend was reciprocated in the number of endplates displaying no staining with the presynaptic marker. In WT mice, 17.43% of endplates did not display any presynaptic staining while this fraction increased significantly to 56.79% in diaphragm NMJs from Gaa 2/2 mice (P ≤ 0.01, two-way ANOVA, Fig. 2E ).
In WT and Gaa 2/2 mice, light microscopy of transverse sections of phrenic nerves stained with toluidine blue were performed to assess myelin and axon diameters (Fig. 3) . Transverse sections from Gaa 2/2 mice were atypical in appearance, with higher frequency of large and hypermyelinated fibers, tomacula and myelin infoldings (Fig. 3B ). Morphometric analyses of nerve fiber diameters (axon and myelin) revealed an overall increase in nerve fiber size in affected animals (Fig. 3C) . Measurements of axon to fiber (myelin and axon) diameters (referred to as G-ratios) were significantly reduced in Gaa 2/2 samples with a mean ratio of 0.4490 + 0.0080 compared with 0.6961 + 0.0037 in WT (P ≤ 0.0001, two-tailed, unpaired t-test) ( Fig. 3C and D) .
Neuromuscular abnormalities in distal regions of the peripheral nerve and skeletal muscle in Pompe mice
To determine whether NMJ pathology was limited to respiratory muscle or was more widespread in Gaa 2/2 mice, we conducted a similar analysis of a locomotor muscle, the TA (Figs 4 and 5). Whole mount preparations of the TA were reacted with antibodies to neurofilament heavy (NFH) polypeptide, synaptotagmin and a-bungarotoxin and analyzed by confocal microscopy (Fig. 4) . When individual synaptic junctions were viewed, expansion of AChR distribution was noted, as seen previously in the diaphragm (Figs 1 and 2 ). While innervation of the NMJ was comparable between the samples, a decrease in the colocalization of the presynaptic marker and postsynaptic AChRs were notable mice. (C, D) Significantly lower average G-ratio in phrenic nerves from 9-month-old Gaa 2/2 mice (0.4490 + 0.0080, n ¼ 447 fibers from four independent animals) compared with age-matched WT control mice (mean ratio 0.6961 + 0.0037, n ¼ 300 fibers from three independent animals), indicating thicker myelin sheaths relative to the axon diameter (C; * * * * P ≤ 0.0001; two-tailed, unpaired t-test), with lower G-ratios across a range of axon calibers (D). Scale bars represent 50 mm. (Fig. 5A) . We qualitatively observed an increased prevalence of endplates per field of view in the Gaa 2/2 samples (data not shown). Despite this, distribution of endplate size approximates those of WT (Fig. 5B) . Fragmented endplates were also more frequent in the TA of Gaa 2/2 mice compared with those of WT (19.29 + 3.34%, n ¼ 140, Gaa 2/2 compared with 10.20 + 2.51%, n ¼ 147, WT, P ¼ 0.03; two-tailed, MannWhitney test) (Fig. 5C ). In keeping with NMJ innervation within the diaphragm (Fig. 2D ), no significant difference was observed between partially innervated endplates between groups (Fig. 4D) . Within TA isolated from Gaa 2/2 mice, there was a significant increase in the number of denervated endplates void of presynaptic terminal staining (64.50% Gaa 2/2 versus 15.90% WT, P ¼ ≤ 0.01; two-way ANOVA, Sidak's multiple comparison test) (Fig. 5E) ). In addition, we did not detect any difference in the innervation status of NMJs from either muscle group at 6 weeks of age (Supplementary Material, Fig. S1E and F) .
The observations of dramatic postsynaptic terminal abnormalities in the TA at 9-months of age suggest that distal axon pathology is a prominent feature of Pompe disease progression.
To expand our understanding of Pompe-associated neuropathology, we focused on the morphological and biochemical properties of the sciatic nerve. Morphometric analysis of sciatic nerve revealed obvious abnormalities of Pompe nerve fibers, including wider separation of individual nerve fibers and alteration of normal axonal profiles by the presence of increased frequency of large and hypermyelinated fibers and tomacula (Fig. 6) . Morphological irregularity in myelinated axon fibers was frequently observed in addition to an increase in extracellular matrix (Fig. 6B asterisk) of the sciatic nerve of Gaa 2/2 mice (Fig. 6A  and B) . G-ratio analysis from sciatic nerve sections exhibited a significantly reduced ratio in the Pompe nerve (Fig. 6C and D) , reflecting thicker myelin around individual axons. The mean G-ratio in Pompe nerves was 0.4035 + 0.005730 as compared with 0.5261 + 0.004489 in WT (Fig. 6 D; P , 0.0001; twotailed, unpaired t-test).
To determine if NMJ deterioration impaired physiological function in 9-month-old Gaa 2/2 mice, we performed in situ isometric twitch and torque analysis from TA muscles of WT and Gaa 2/2 mice (23-26) (Fig. 7) . At 9 months of age, we noted impaired torque production across all frequencies tested with peak torque significantly impaired in Gaa D) Significantly lower average G-ratio in sciatic nerves from 9-month-old Gaa 2/2 mice (0.4111 + 0.0055, n ¼ 850 fibers from four independent animals) compared with age-matched WT control mice (mean ratio 0.5431 + 0.0048, n ¼ 869 fibers from three independent animals), indicating thicker myelin sheaths relative to the axon diameter (C; * * * * P ≤ 0.0001; two-tailed, unpaired t-test), with lower G-ratios across a range of axon calibers (D). Scale bars represent 50 mm. Previous reports have detected an abundance of lysosomes in skeletal muscle of Pompe mice (27) (28) (29) . On the basis of the observed morphological abnormalities in affected sciatic nerves, we asked if there was an accumulation of lysosomes within the axons or the Schwann cells of sciatic nerve isolated from Gaa 2/2 mice (Fig. 8) . Confocal laser microscopy revealed intense lysosomal-associated membrane protein 1 (LAMP1) staining in S100-labelled Schwann cells from Pompe mice (Fig. 8D -F) . This is in contrast to low abundance of LAMP1-reactive cell profiles in WT sciatic nerve sections co-labeled with S100 ( Fig. 8A -C) .
The increase in LAMP1 detection prompted us to perform western blot analysis of sciatic nerves isolated from Gaa 2/2 and WT animals (Fig. 9) . Immunoblotting of individual nerve lysates from each group showed a significant increase in lysosomalassociated membrane protein-2 (LAMP2, Fig. 9B , P ¼ 0.012; two-way, unpaired t-test) with suggestive evidence albeit nonstatistically significant of an increase in LAMP1 (Fig. 9A , P ¼ 0.069; two-way, unpaired t-test). No statistically significant difference was observed in myelin basic protein (MBP) (P ¼ 0.340; two-way, unpaired t-test) (Fig. 9C) or growth-associated protein (43 kD; GAP43; P ¼ 0.070; two-way, unpaired t-test) (Fig. 9D) . Analysis of non-phosphorylated heavy and medium neurofilament polypeptides revealed a significant reduction in Gaa 2/2 mice ( Fig. 9E , P ¼ 0.047; two-way, unpaired t-test). Together these data suggest that reduced axon caliber manifests with Pompe progression.
DISCUSSION
Although traditionally defined and treated as a myopathy, the ubiquitous depletion of GAA and systemic glycogen accumulation in Pompe disease suggest pathological involvement of nonmuscle tissue (30) . Supporting this argument, recent evidence has expanded our understanding of pathogenesis in non-muscle tissues (30, 31) . Additionally, glycogen accumulation within the CNS (1,2,4,32-35) and skeletal muscle (36) are likely to contribute to both pre-and postsynaptic pathology at the NMJ and ultimately lead to muscle dysfunction. To elucidate potential mechanisms that lead to incomplete muscle activation, we investigated the contribution of pre-and postsynaptic pathology in Figure 7 . Loss of Gaa impairs neuromuscular function in 9-month-old mice. In situ analysis of muscle torque production revealed a significant decrease in performance of Gaa 2/2 mice relative to age-matched WT mice across all frequencies tested ( * P ≤ 0.05). Figure 8 . Accumulation of LAMP1 in Schwann cells in the sciatic nerve of affected mice. Sciatic nerves from WT (A, C and E) and Gaa 2/2 (B, D and F) mice were doubled, labeled with anti-S100 (red) and anti-LAMP1 (green) antibodies. Nuclei were stained with DAPI (blue). Arrows indicate the perinuclear area of S100-positive Schwann cells, while arrowheads indicate the paranodal region of myelin internodes. The majority of LAMP1 in Gaa 2/2 is detected as perinuclear or paranodal puncta in S100-positive Schwann cells, with pronounced abnormal accumulation in a subset of the Schwann cells. Paranodal LAMP1 vesicles in Gaa 2/2 also appear less punctate. Scale bars ¼ 10 mm. Blue ¼ DAPI, green ¼ S100, red ¼LAMP1.
Pompe disease. For the first time, we report the presence of pathological changes in respiratory and limb muscle NMJs in a murine Pompe model, which recapitulates many of the clinical phenotypes of the disease (37) . Moreover, these changes can be detected in young diseased animals and become more prominent with disease status. Susceptibility of NMJ pathology is accompanied by severe alterations in the phrenic and sciatic nerves in Pompe animals. The combination of peripheral nerve and NMJ pathology results in a severe loss of neuromuscular function (in situ force measures). Overall, the data suggest the respiratory and ambulatory impairments associated with Pompe disease are likely to reflect mechanisms, which extend beyond skeletal muscle pathology. Pompe disease is characterized by a wide variation of mutations and by multisystem involvement. Respiratory failure has long been recognized as a primary feature in Pompe patients and considered the major factor contributing to mortality. Numerous clinical and animal studies have shown respiratory dysfunction in patients and models of Pompe disease; however, the pathological mechanisms that link progressive lysosomal glycogen accumulation to skeletal muscle weakness are unclear. Possible mechanisms have recently been supported by evidence revealing disruption of autophagy regulation, loss of proper lysosomal trafficking and mitochondrial function (38) .
The data presented here indicate that NMJ pathology is a potential underlying mechanism contributing to progressive muscle weakness in Pompe disease. In agreement with other myopathies (11,39), we observed a significant increase in motor endplate size in both the TA and diaphragm accompanying the progression of Pompe pathology. Our detection of moderate abnormalities within the diaphragm at 6 weeks of age suggests progressive deterioration of NMJ components accompanies Pompe disease progression. Further evaluation will be required to characterize the physiological effect of these early histological abnormalities and evaluate how NMJ deterioration contributes to Pompe disease pathogenesis. The endplate expansion observed in this study contrasts with aging (40) and neuropathic-induced NMJ alterations, which result in reduced motor endplate area (41, 42) , and could potentially highlight subtle differences between neuropathic-or myopathic-induced NMJ dysfunction. Our observed differences in the frequency of fragmentation based on the muscle in question (either TA or diaphragm) could result from muscle or nerve specific susceptibility to glycogen accumulation. Degeneration of axon terminals has been proposed to be a crucial event in the materialization of motoneuron disease and neurodegenerative disease in general. The codependence of motor neurons and muscle for the trophic, electrical and chemical signals required for maintenance of proper innervation (43) are severely affected. Although Pompe disease has been traditionally classified as a neuromuscular disease, the primary focus has been placed on defining disease manifestation and therapeutic efficacy in skeletal and cardiac muscle. Indeed, our data from the Gaa 2/2 mouse model suggest that Pompe disease displays a classic neuromuscular 
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Human Molecular Genetics, 2015, Vol. 24, No. 3 disease phenotype. We speculate that this denervation results primarily from glycogen accumulation within the neuronal cell body. In support of this, biochemical analysis revealed significant reduction in neurofilament and neuronal plasticity proteins and only a minor difference in MBP between Pompe and WT nerves.
To our knowledge, this is the first study to describe myelin abnormalities in Pompe mice. Transverse section analysis of sciatic and phrenic nerve bundles demonstrated gross morphological disruption to individual nerve fibers and increased myelin occupation of individual fibers indicating neuropathology. Perturbation of Schwann cells is known to induce switching between a non-proliferative myelinating phase to a nonmyelinating proliferative phase in axons (44, 45) and terminal Schwann cells have been shown to participate in NMJ development and dissociation (46) (47) (48) (49) (50) (51) . Periodic Acid Schiff staining detected observable accumulation of glycogen in a subset of axons in the sciatic nerve (Supplementary Material, Fig. S2B ). LAMP1 accumulation near Schwann cell nuclei support the possibility of enhanced susceptibility of glial cells in Pompe disease, however, whether disruption of normal lysosomal trafficking or prolonged systemic disease status is ultimately responsible warrants further study.
The NMJ serves as a site of pathological interest in a spectrum of neuropathic and myopathic disorders and more recently in aging models. Inherent to its malleable nature, NMJ structural abnormalities range from alterations in endplate size, fragmentation, pre-terminal sprouting, neurofilament infiltration and swelling (22, 52) . The mechanism of enhanced susceptibility of motoneurons to glycogen accumulation and how this leads to denervation of the NMJ remains unknown. Our data suggest that perturbations of lysosomal trafficking within the nerve may be partly accountable for Pompe-associated neuropathology. Regardless of the mechanism, replacement of GAA to the entire motor unit is likely to be essential in the treatment of Pompe disease and may account for the failure to reverse functional decline with the current human recombinant GAA enzyme replacement strategy.
In summary, this study demonstrates that significant peripheral nerve and NMJ pathology develop as a result of Pompe disease. We have found that these events occur both in respiratory and locomotor muscles. While therapeutic strategies are available to address skeletal muscle GAA deficiency, correction of neuronal deficits is severely limited utilizing an ERT approach. For this reason, Pompe disease represents an attractive candidate for gene therapy. Correction of both the CNS and skeletal muscle may ultimately be required to reverse or attenuate disease progression. Finally, determining whether an accelerated temporal pattern exists for the development of the specific molecular mechanisms that impact NMJ pathogenesis in Pompe disease will be critical in defining the impact of therapies.
MATERIALS AND METHODS
Experimental animals
The Gaa 2/2 mouse (Taconic, Hudson, NY) originally developed by Raben et al. (53) was outbred to a 129SVE background (5) . All Gaa 2/2 and 129SVE mice were age and gendermatched via timed mating. All animals were obtained from Taconic and were maintained on a 12 h light/dark cycle with water and food provided ad libitum. Gaa 2/2 male and female mice were compared with the background strain 129SVE (WT). All animal studies were approved in accordance with the guidelines set forth by the University of Florida Institutional Animal Care and Use Committee. All animals were sacrificed at 6 weeks for histologic or 9 months of age for physiologic, histologic and biochemical assays.
NMJ staining
Gaa
2/2 and WT mice were anesthetized with 2% isofluorane and sacrificed by thoracotomy. Diaphragm, TA, phrenic and sciatic nerves were immediately dissected and processed according to standard protocols. For neuromuscular immunostaining, dissected diaphragm and TA muscles were finely teased in 48C saline solution for a maximum of 10 min to maximize surface area while maintaining neuromuscular connectivity. Muscles were then fixed in 4% paraformaldehyde (PFA) in 0.1 M phosphate buffered saline (PBS) for 15 min. Samples were washed for three times for 5 min each prior to permeabilization with 2% triton X-100 in PBS for 30 min. Samples were then blocked overnight at 48C in blocking buffer (1% Triton X-100, 4% BSA in PBS). 
Morphological studies of the phrenic and sciatic nerves
Nerves were processed as previously described (54) . Animals were sacrificed and a 5 mm piece of the proximal end of each left sciatic nerve and the left phrenic nerve immediately distal to the heart was obtained for morphological analyses. Samples were fixed immediately in 3% glutaraldehyde in 0.2 mol/l Na Cacodylate buffer (pH 7.3) before embedding in epon as described previously (55) with minor modifications. Thick sections (0.5 micron) were stained with toluidine blue and surveyed by light microscopy. For the morphometric studies, three WT and four Gaa 2/2 mice were evaluated for distribution of fiber diameter (axon with myelin, 300 fibers/ animal), myelin sheath thickness (300 fibers/animal) and G-ratio (300 fibers/animal) on light level images. We analyzed the data using the public domain NIH Image J program (52) .
Sciatic nerve immunostaining
Freshly dissected sciatic nerves were quickly frozen in OCT using isopentane chilled with liquid nitrogen. Samples were stored at 2808C prior to cryosectioning. Longitudinal nerve cryosections (6 mm thickness) were mounted onto glass slides and were subsequently dried at room temperature for 60 min, 
Confocal microscopy
Fluorescent micrographs were acquired using a LEICA TCS AOBS spectral confocal microscope. The following wavelengths were specified for each fluorophore; DAPI Excitation (Ex) 430 nm, Emission (Em) 480 nm; Alexa 488, Ex 500 nm, Em 545 nm; Alexa 594, Ex 605 nm, Em 655 nm and Alexa 647, Ex 660 nm, Em 730 nm. Images for NMJs were acquired using a z-stack from 1 mm-thick slice sections throughout whole muscle preparations. Four randomly chosen fields of view were used to acquire images in each TA muscle analyzed (n ¼ 4/group). Three randomly chosen fields of view were used to acquire images in each diaphragm muscle analyzed (n ¼ 4/ group). Maximum intensity projections of confocal stacks were used for quantification (described below). Images for sciatic nerve were acquired using a z-stack from 6 mm-thick sections, and average intensity projections of confocal stacks were presented within the manuscript.
Image quantification
All measurements were performed using ImageJ. Endplate area was calculated using single channel (Alexa 594) maximum intensity projections and manually tracing the circumference of individual a-bungarotoxin-labeled structures. Innervation was performed as described in Murray et al. and Valdez et al. (22, 42) . Briefly, innervation was determined by the extent of overlap or co-localization between a-bungarotoxin and synaptotagmin labeling. NMJ fragmentation was quantified as described by Valdez et al. (22) . Sciatic nerve G-ratios were assessed by measuring both the outer diameter of myelinated axons and the inner membrane representing the axonal diameter alone as described by Notterpek et al. (56) . Statistical analysis was performed using GraphPad Prism6. All data are presented as means and standard errors.
In situ isometric torque analysis
Isometric torque analysis was performed on the TA muscle with modifications to procedures described elsewhere (23) (24) (25) (26) . Under anesthesia (2-2.5% isofluorane, 97.5 -98% O 2 , flow rate 1 l/min), the skin and fascia surrounding the distal hindlimb were surgically removed exposing the TA. 4-0 braided silk surgical suture (Teleflex medical) was tied just distal to the myotendinous junction, and then the tendon cut distal to the suture knot. In addition, to prevent movement of the paw during stimulation, the extensor digitorum longus and peroneus longus tendons near the ankle were cut. Mice were positioned in dorsal recumbency on a heated platform to maintain body temperature at 378C. A clamp was used to secure the hindlimb at 908 at the knee and the paw secured to the physiology table using transpore surgical tape (3M). The TA tendon was secured to a 300C-LR-FP muscle lever (Aurora Scientific). Cathode and anode electrodes were inserted distal to the fibular head to stimulate the peroneal nerve. Under control of the Dynamic Muscle Control (DMC) and Analysis (DMA) Software suite (Aurora Scientific), optimal electrode placement was determined by repositioning the electrodes and stimulating the nerve at 1 Hz until maximum twitch amplitude was recorded indicating bracketing of the peroneal nerve. Optimal length-tension was determined by performing isometric twitch stimulation at an increasing range of amplitude and varying tensions until maximum twitch amplitude was observed. Three successive tetanic stimulations (200 Hz, 100 pulses per train, 60 s rest between) were performed and the muscle allowed to rest for 5 min. Single stimulations at 15, 30, 60, 100, 120, 160 and 200 Hz were then performed with 30 s between each. Data were processed with the DMA software, and a torque-frequency curve derived. Significance was determined using the multiple t-test with Holm-Sidak multiple comparison between groups and frequencies. All values are reported as mean and SEM.
Western blot
Sciatic nerves were frozen in liquid nitrogen and homogenized using a pestle and mortar in sample application buffer (62.5 mM Tris, 10% glycerol, 3.0% SDS, pH 6.8; 100 ml per nerve). Homogenized samples were quantified using the BioRad DC protein assay and diluted in laemmli buffer. For cytoskeletal/structural targets, 9 mg of lysate was resolved by acrylamide gel electrophoresis, and for cytosolic proteins, 18 mg was resolved. The following antibodies were used to probe blotted membranes overnight at 48C; LAMP1 (1:300 dilution, Abcam ab24170), LAMP2 (1:300 dilution, Abcam GL2A7), MBP (1:1000 dilution, Millipore MAB386), GAP43 (1:1000 dilution, Abcam 12274), SMI33 (1:1000 dilution) and a-tubulin (1:10 000 dilution, Sigma Aldrich T9026). Blots were imaged using the LI-COR imaging system with appropriate labeled secondary antibodies. Image studio lite (LI-COR) was used to quantify blots and statistical significance determined using GraphPad Prism 6. 
